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Transport and magnetic properties are significantly influenced by the substitution of
various divalent (Mg, Zn, Ca) and trivalent (Cr, Mn, In, Y) cations for iron in the double-
perovskite Ba,FeMoOs. An increase of the resistivity and a spectacular decrease of
ferromagnetism, especially of Tc, are observed as the substitution level increases. Both
intragrain magnetoresistance (MR), characterized by a peak of the resistance ratio around
Tc, and intergrain tunnel magnetoresistance (TMR), at low temperature, are observed. The
substitution does not Kkill the TMR because the TMR effect is obtained for the substitution
level as high as 40% on the Fe site. More importantly, high TMR magnitudes are observed

for zinc-substituted oxides.

Introduction

The discovery of tunneling magnetoresistance (TMR)
at room temperature and at low magnetic field in the
ordered ferrimagnetic metallic double-perovskite
SroFeMoOg! has shown the great potentiality of this
oxide for magnetic recording compared to manganites
for which the appearance of intergrain TMR is much
smaller and requires to work below room temperature.?
The evidence for intergrain TMR in polycrystalline
SraFeReOg® and in Ba;FeMoOg* shows that the double
perovskites that have semimetallic properties and ex-
hibit ferromagnetism should be considered as competi-
tive materials for magnetoresistance applications. It was
previously demonstrated!>~8 that TMR is strongly de-
pendent on the carrier scattering at the grain boundary
of the polycrystalline oxide and consequently is very
sensitive to the magnetic field. Nevertheless, the inves-
tigation of Ba,FeMoOg has shown that besides inter-
grain TMR, there exists a large intragrain magneto-
resistance (MR), which appears near T¢, that is, around
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Figure 1. T-dependent magnetization (M) of the double-
perovskites (a) BazFe1—xMnyMoOg and (b) BazFe;—«xZnxMoOsg,
registered in 1.45 T.

340 K.* The role of the different species, Fe®* and Mo>"
(or Re5"), concerning the mechanism for the appearance
of intergrain and intragrain negative MR, is to date not
elucidated. In the present paper, we study the substitu-
tion of various divalent and trivalent elements for iron
in Ba,FeMoOg. We show that the transport and mag-
netic properties around T¢ of these oxides are signifi-
cantly influenced by the substitution, T¢ decreasing
with the substitution level. Both intragrain MR and
intergrain TMR at low temperature are observed,
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Figure 2. T-dependent resistivity (p) in Ba;Fe;-xMnMoOg registered upon cooling in the absence of magnetic field and in 7 T;
the T-dependent po/p7r ratio is also shown (right y-axis). (a) Ba,FeMoOs,* (b) BaFegsMng1MoOs, (c) BazFegsMngMoOg, (d)
BazFeo.7Mno 3MoOs, (e) BazFeosMngsMoOs, and (f) BazFeosMngsMoOs.

whatever the nature of the cations and whatever the
substitution level in the solubility range. More impor-
tantly, exceptionally high TMR magnitudes are ob-
served for the zinc oxides BasFe; xZnyMoOg with x <
0.50.

Experimental Section

The polycrystalline BazFe;—xMxMoOg samples (M = Mn, In,
Y, Cr, Ca, Mg, and Zn) were prepared by solid-state reaction
at high temperature. Stoichiometric amounts of BaO;, Fe;Os,
M203(MO or MO3), MoOs, and Mo were mixed, pressed into

bars, and sintered in evacuated silica ampules at 1100 °C for
12 h. A mixture of MoO3; and Mo was used to respect the Og
nominal stoichiometry.

X-ray powder diffraction patterns were registered at room
temperature with a Philips vertical diffractometer using Cu
Ka radiation. Diffraction data were collected by step scanning
over an angular range of 10° < 26 < 110° in increments of
0.02°. The data were analyzed by the Rietveld method using
the FULLPROF program.

The magnetic measurements, as a function of the temper-
ature, were performed with a vibrating sample magnetometer.
After zero field cooling, a magnetic field of 1.45 T was applied;
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Figure 3. po(T), p7T(T), and po(T)/pTr(T) curves for (a)BazFE(),gzno,lMOOG, (b) BazFepsZno 2MoOg, (C) BazFep 72N 3sMo0Os, (d)

BazFeo_552n0_45MOOG, and (e) Ba2F€0_5Zno_5MOOG.

the magnetization was measured by increasing the tempera-
ture.

The resistivity measurements at zero field (o(T)) and under
a magnetic field (p(H)) were performed with the PPMS
(physical properties measurements system) Quantum Design
model 6000, using the four-probe technique, for which four
indium contacts were ultrasonically deposited onto the surface
of bars with 2 x 2 x 10 mm? typical dimensions.

Results and Discussion

The substitution of divalent or trivalent cations for
Fe3" in BaFeMoOg systematically increases the re-
sistivity of the ceramic and decreases the ferromag-

netism whatever the nature of the cation, Zn2*, Mg?*,
CaZt, Mn3*, In3*, Cr3*, or Y3*. This is illustrated by the
two series BazFe; xMnyMoOg and BazFe; xZnyMoOs.
The M(T) curves of these two series (Figure 1) confirm
their ferromagnetic behavior, but show that their mag-
netic moment at 5 K decreases significantly as x
increases, from 3.3ug per formula unit for x = 0 to
1.5ug for x = 0.50 in the Mn series (Figure 1a) and to
2.1up for x = 0.50 in the Zn series (Figure 1b). The M
decrease with x is in agreement with the calculated one,
deduced from the theoretical moments of 1ug per Mo>*,
5ug per Fe3t (high spin), and 4ug per Mn®*. Note that
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the value obtained for the undoped sample is slightly
smaller than the expected one for the antiferromagnetic
coupling of the Mo®>" and Fe®" spins. This divergence
between the experimental and calculated magnetization
values has been attributed to mis-site (Fe/Mo) imperfec-
tions.® Moreover, the Curie temperature (T¢), measured
at the inflection of the M(T) curve, decreases signifi-
cantly as the substitution level increases, from 330 K
for x =0 to 72 K for x = 0.50 in the Mn series and to
188 K for x = 0.50 in the Zn one. By optimizing X, in
each series, Tc could be fixed at room temperature for
instance.

The p(T) curves registered under 0 and 7 T for the
Mn series (Figure 2) show that these oxides exhibit a
semimetallic behavior below T¢ similar to that of the
pristine one (x = 0) up to x = 0.20 (compare Figure 2a—
¢) with a change of slope at Tc. But the value of the
zero field resistivity at 5 K increases significantly with
X, from 7 x 1074 Qcm for x =0 to 1.4 x 1072 Qcm for x
= 0.10. Then, for x = 0.30, by decreasing T, a transition
from a semiconducting to a semimetallic state is ob-
served at T, = 280 K, which does not coincide with T¢
= 180 K (Figure 2d). For the larger doping levels, x =
0.40 and 0.50 (Figure 2¢,f), a reentrant transition is also
observed below =70 K. Note that the zero field resistiv-
ity for the last sample (x = 0.50, Figure 2f) reaches 10°
Qcm at 5 K. All the substituted samples show a
significant magnetoresistance effect under 7 T, in a
large temperature range. The most remarkable feature
deals with the evolution of the resistivity ratio, (RR) =
polp7t, versus T, which goes through a minimum and
then exhibits a maximum at T¢, that is, ranging from
Tc=330K forx =010 72 K for x = 0.50. The Zn series
is characterized by a rather similar evolution of the
resistivity versus temperature and versus x (Figure 3).
Nevertheless, the resistivity of the BasFe;—xZnyMoOg
oxides is significantly higher than that for the Mn
compounds, a transition from semimetal to a semi-
conducting like behavior is already observed at low
temperature for x = 0.10 (Figure 3a) with a resistivity
of 5.2 x 1072 Qcm at 5 K (to be compared to 1.4 x 1072
Qcm for x = 0.10 Mn sample); the x = 0.20—0.30
samples show similar p(T) curves (Figure 3b,c), whereas
from x = 0.35 to x = 0.50 a spectacular increase of the
resistivity by several orders of magnitude is observed
(Figure 3d,e). Like for the pristine compound and for
the Mn series, the Zn series shows magnetoresistance,
with a bump of the resistivity ratio at T¢ for x < 0.45.
Note however that for the same substitution level, the
Tc is higher for zinc than for manganese and that the
magnetoresistance at T¢ does not vary significantly
whatever the cation (Mn or Zn) and the level of
substitution (x). For both series, the resistivity value
at 5 K versus the doping level is reported in Figure 4.
In these two series, the low-temperature resistivity
jumps by several orders of magnitude beyond a critical
Xc content of the doping elements, with x, = 0.40 for Mn
and Zn. This would suggest a percolation mechanism
for the transport properties as previously reported in
ref 11.. In this framework, the foreign elements break
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Figure 4. Resistivity at 5 K and 0 T versus doping level in
the Mn (®) and Zn (M) series.

both the antiferromagnetic Fe—Mo coupling and thus
the charge delocalization. Consequently, the size of the
ferrimagnetic metallic regions will tend to decrease as
X increases so that below the percolation threshold
(X > X¢), the metallicity is suppressed. It should be
pointed out that for x. the low-temperature magnet-
ization reaches =2.5ug/f.u. for Mn and Zn and thus this
M value is similar to the value observed at x. for
SraFeMo;—xWyOs.1t However, as pointed out in ref 11,
the theoritical percolation threshold in the face-centered
cubic (fcc) lattice is 0.195, which would correspond to x.
~ 0.8 with the BasFe;_xMyMoOg formula. This value is
much higher than the experimental one, x; ~ 0.4. Thus,
this suggests that the effect of the cationic substitution
for Fe on the physical properties differs from the W for
the Mo one. This could be explained by the larger
cationic disordering on the B-site induced by Mn or Zn
substitutions for Fe rather than W for Mo.?

A structural study has been performed for the Mn and
Zn series. All the samples exhibit a Fm3m space group;
the x dependence of the cell parameters is reported in
Figure 5a for both systems. The increase of the a
parameter with the substitution level is more important
for Mn than for Zn, in agreement with the different
cationic sizes.1® Note that impurities have been detected
in a small amount, which decreases with x, and identi-
fied as BaMoO4 and BaCOs3; (represented by O and O
respectively on the patterns in Figure 5b).

These results show without ambiguity that the MR
peak observed above Tc corresponds mainly to bulk
magnetoresistance; that is, the decrease of intragrain
spin scattering due to the alignement of the local
magnetic moments is improved either by magnetic field
application or by temperature decrease below Tc¢. Sub-
stitutions carried out for several other species confirm
this statement and show that this intragrain magneto-
resistance, close to Tc, is systematically observed,
whatever the nature of the substituting cation: Cr3+,
Mn3*, In3t, Y3t Zn2t, Mg?t, and Ca?*. Thus, the
temperature range for the appearance of MR will
strongly depend on T¢. The evolution of T¢ versus
substitution level is shown in Figure 6 for different
cations. It is remarkable that the size of the substituting
cation serves to influence dramatically T¢. Considering
the divalent cations, one indeed observes that for the
same substitution level x, T¢ decreases dramatically as
the size of the cations increases: T¢ (Zn2") ~ Tc (Mg?")
> T¢ (Ca?™). A similar tendency is observed for trivalent
cations. It is worth pointing out that the divalent cations
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M, such as Zn?* and Mg?*, induce the formation of Mo®™,
according to the equation Fe3™ + Mo5" — M2" + Mo®™+.
It is remarkable that the so-formed mixed-valent mo-

lybdenum Mo(V)—Mo(VI1) does not deteriorate signifi-
cantly the intragrain transport properties of these
materials.

To understand the influence of Fe-site substitutions
upon the intergrain TMR properties of these oxides,
resistivity measurements versus magnetic field were
carried out at different temperatures. The p(H) curves
(Figure 7) show that a sharp decrease of the resistivity
is obtained for low fields at 10 K, whatever the nature
of the substituting cation, and even for a high substitu-
tion level. Under 0.2 T and at 10 K, the double
perovskites BazFepsMo.4M0Og with M = Mn, In, Y, and
Mg exhibit rather similar MR values, where MR = 100
x [1 — p(H)/p(H=0)] ~ 4% as shown for Mn in Figure
7a. In contrast, the zinc compound BazFepsZNno4MoOsg
exhibits an exceptionally high magnetoresistance (Fig-
ure 7b) of 22%, which could be related to its closeness
to the critical concentration x. = 0.4, separating the
semimetallic from the semiconducting like compositions.
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Figure 7. lIsothermal magnetic field (H) dependence of the
resistivity ratio p(H)/p(0). T values are labeled on the graph,
for (a) BasFeqsMng4MoOg, (b) BayFeosZNno.4M00Os, (C) BaFeqs-
Mno_5M006, and (d) BagFEO_gzno_gMOOG.

The MR magnitude at the same temperature of 10 K
but under 7 T for these compounds reaches very high
values, such as 40% for Mn (Figure 7a) and 47% for Zn
(Figure 7b). These magnetoresistance magnitudes at 10
K, often close to those previously observed for Sr,-
FeMoOg® and Ba,FeMoOg,® and even in some cases (as
for zn) significantly higher in low fields, clearly show
that a very large substitution level of various elements
for iron in BaFeMoOg does not deteriorate the inter-
granular TMR at low temperature and in several cases
such as zinc enhances it dramatically. The maximal
magnetoresistance has been observed for Ba;FegsMng s-
MoOg, as shown in Figure 7c, with 81% at 10 K and 7
T, composition that again is close to the percolation
threshold if one refers to Figure 2e and 2f. As expected,
the magnitude of the intergrain MR in those samples
decreases as the temperature increases and disappears
close to T¢ (Figure 7). Thus, from the application
viewpoint it is clear that any substitution on the Fe site
tends to decrease T¢ and consequently should not be
favorable to the appearance of intergrain TMR at room
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temperature. Nevertheless, the TMR effect in the zinc
compounds remains remarkable compared to BayFe-
MoOg and even to SroFeMoOs. This is illustrated by the
p(H) curves of BazFepgZng2MoOg (Figure 7d), which
show that the MR of this phase at 290 K under 7 T is
remarkably large, 12%, that is, close to those of Bay-
FeMoOg and Sr,FeMoOg, which are 15% and 9%,
respectively, despite the lower T¢ of this phase (290 K)
compared to that of Ba,FeMoOg (330 K) and Sr,FeMoOg
(475 K).

Conclusion

We have shown that the substitution of various
divalent and trivalent cations for iron in the double-
perovskite Ba,FeMoOg affects significantly the magnetic
and transport properties of this oxide, increasing the
resistivity and decreasing both T¢ and magnetization
at low temperature. Nevertheless, the substituted oxides
exhibit intragrain magnetoresistance characterized by
a maximum around Tc. More importantly, it is observed
that this substitution does not hinder the intergrain
tunneling magnetoresistance in these double-perovskite
oxides because the TMR effect is obtained for substitu-
tion levels as high as 40% on the Fe sites, and an
exceptionally high MR magnitude under low field is
observed for the zinc substituted oxide, MR = 22% in
0.2 T at 10 K. This remarkable intergrain TMR effect,
observed for the zinc oxides, suggests that the doping
may influence dramatically the quality of the grain
boundaries and consequently the TMR properties. The
preliminary ceramic microstructure study shows that,
in our synthesis conditions, the average grain size does
not vary significantly with the substitution, the diam-
eter remaining around 2 um, and that the density of
the samples only slightly increases with the substitution
level from 2.06 g/cm?3 for the undoped sample to 2.08
and 2.12 g/cm? for BazFepsMopsMoOg with M = Zn and
Mn, respectively. A systematic study of these TMR
properties, varying the sintering conditions, is needed
to understand the transport properties in those oxides,
which are most probably closely related to percolative
phenomena. The exceptionally high MR value of —81%
in 7 T at 10 K for BazFegsMngsMoOsg, which lies close
to the metal—insulator transition, is strongly in favor
of such a model.
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